Abstract: For the production of recombinant proteins, product purification is potentially difficult and expensive. Plant oleosins are capable of anchoring onto the surface of natural or artificial oil bodies. The oleosin fusion expression systems allow products to be extracted with oil bodies. In vivo, oleosin fusions are produced and directly localized to natural oil bodies in transgenic plant seeds. Via the oleosin fusion technology the thrombin inhibitor hirudin has been successfully produced and commercially used in Canada. In vitro, artificial oil bodies have been used as "carriers" for the recombinant proteins expressed in transformed microbes. In this article, plant oleosins, strategies and limitations of the oleosin fusion expression systems are summarized, alongside with progress and applications. The oleosin fusion expression systems reveal an available way to produce recombinant biopharmaceuticals at large scale.
Introduction
Recently, more and more attention has been paid to the production of biologically active pharmaceutical proteins in the genetically modified organisms. Although the plant species as bioreactors are comparatively safer and cheaper, the purification of products is difficult and expensive. This results in some limitations and failures for the production of active abundant proteins until the oleosin fusion expression systems come forth (Vandekerckhove et al. 1989; Huang 1992; Pen et al. 1993) . It is well known that plant oleosins can be targeted to natural oil bodies in vivo. Recombinant proteins including β-glucuronidase (GUS), hirudin, xylanase and insulin have been successfully expressed as oleosin fusions in transgenic plant seeds (Lee et al. 1991; Parmenter et al. 1995; van Rooijen & Moloney 1995; Nykiforuk et al. 2006) . Simultaneously, the plant oleosins are capable of anchoring onto artificial oil bodies (AOBs) composed of triacylglycerols (TAGs) and phospholipids (PLs). After expressed as the plant oleosin fusions in prokaryotes, sesame cystatin, nattokinase, and Agrobacterium radiobacter hydantoinase have been purified in vitro via AOBs (Peng et al. 2004b; Chiang et al. 2005; 2006) . Nowadays the oleosin fusion expression systems provide a feasible and available way to produce recombinant proteins at large scale.
Plant oil bodies and oleosins
Most plant seeds store TAGs as reserves for germination and later growth. These TAGs are stored in small subcellular spherical oil bodies of approximately 0.6-2.0 µm in diameter, with a layer of PLs surrounding the stored lipids. Oil bodies inside the cells of mature seeds or in the isolated preparations are remarkably stable, and do not aggregate or coalesce. Several factors possibly contribute to this kind of stability: (i) the abundant oleosins that cover the whole surface of an oil body form a steric barrier, which prevents the PLs layer of neighboring oil bodies from aggregating; and (ii) the net negative charges of the oleosins inhibit the adhesion of the oil bodies. Therefore, oleosins play a key role for stabilizing the oil bodies.
Oleosins are a class of small proteins associated with the oil-body membrane in plant seeds (Huang 1992; Murphy 1993) . They play dual physiological roles, acting as protectors for stabilizing the oil bodies in developing seeds and mature seeds, and as the recognition signals for lipase biding in germinating seeds. The amount of oleosins is high, especially in Brassica seeds accounting for 8% of the total seed proteins. With the molecular weight of about 15 to 26 kDa, oleosins are often specifically abundant in seeds, and inducible by factors such as water, abscisic acid, jasmonate acid and sorbitol (Vance & Huang, 1988; Hatzopoulos et al. 1990; Qu & Huang, 1990; van Rooijen et al. 1992) . Additionally, several oleosin isomers form a family in one species, with distinct expression characters. For example, the 24 kDa oleosin accounts for only 10% of the 20 kDa oleosin in rapeseed (Tzen et al. 1990 ).
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H. Ling Fig. 1 . A proposed model of the conformation of oleosin KD18 on the surface of an oil body. Cylinders are used to depict the α-helices. Adapted from Qu & Huang (1990) .
Presently many oleosins and their genes have been isolated from Arabidopsis thaliana, rapeseed, sunflower, carrot, maize, soybean and cotton (Hatzopoulos et al. 1990; Qu & Huang 1990; Cummins & Murphy 1992; Huang 1992; Keddie & Edwards 1992; van Rooijen et al. 1992; Hughes et al. 1993) . Concerning the gene structures, oleosin genes in maize, soybean, and pine do not contain introns, whereas those from Brassicaceae have one intron. The 5'-flanking regions contain the regulatory elements that interact with inducers for seed maturation and embryogenesis. Each oleosin protein consists of three domains ( Fig. 1) : (i) a highly conserved hydrophobic central anti-parallel β-stranded domain; (ii) an amphipathic N-terminal stretch; and (iii) an amphipathic α-helical C-terminal stretch, for localizing oleosin stably onto the surface of an oil body (Tzen et al. 1990 ). The varieties of the N-terminal stretch and an additional extension at the C-terminus result in different sizes of oleosins (Huang 1996) . Presumably, the variable amino acid sequences at the N/C-terminus suggest that a heterologous protein fused with an oleosin at the terminus does not affect its ability to anchor onto the surface of the oil bodies. Successful expression of oleosin-GUS and oleosin-hirudin provides direct evidences for this deduction (Parmenter et al. 1995; van Rooijen & Moloney 1995; Chaudhary et al. 1998) .
It has been known that the oleosins are capable of anchoring onto the surface of oil bodies, and the oleosin fusion proteins specifically expressed in seeds can be targeted to the oil bodies as well. It brings on the oleosin fusion expression systems for the production of recombinant pharmaceutical proteins.
In addition, oleosins are present in other organs of tapetum and pollen (de Oliveira et al. 1993; Roberts et al. 1993; Robert et al. 1994) . They have a highly conserved long hydrophobic stretch like the seed oleosins, except for the two Brassica tapetum oleosins with only about the three-fourths length of the hydrophobic stretch found in the seed oleosins. Furthermore, they have a variable extension at the C-terminus, which contains short repeats of residues including Gly, Ala, Ser, or Pro. Based on the characteristics of the seed oleosins and the subcellular structures of Brassica tapetum and pollen, their subcellular locations and functions have been speculated in 1990s (Polowick & Sawhney 1990; Murgia et al. 1991; Owen & Makaroff 1995) . In tapetum cells, clusters of lipid particles or plastid globules, each with 0.2-2.0 µm in diameter, are located in plastids. The oleosins are present on the surface of these oil body-like organelles. In mature pollen, oil bodies similar to those in seeds are present and likely covered by oleosins. Functionally, these oleosins are active in preventing lipid globules or oil bodies from coalescing.
The oleosin fusions localized to the natural oil bodies in plant seeds
In recent years, the oleosin fusion expression in transgenic plant seeds becomes more and more attractive, mainly because of the following issues: (1) The recombinant proteins can be produced in a high yield. Promoted by an upstream regulatory sequence of a seedspecific abundant protein gene, oleosin fusion protein could be highly accumulated in transgenic seeds. (2) The oleosin fusion is quite stable and can be long stored in seeds. It was reported that oleosin-GUS fusion protein was still actively intact when stored at 4 • C for more than one year (van Rooijen & Moloney 1995) . In addition, the mature seeds containing the oleosin fusion proteins are much more easily shipped than other plant tissues and organs. (3) The oleosin fusion facilitates protein purification by flotation centrifugation. The heterologous protein fused at the N/C-terminus does not alter the functional domains of the oleosins, so theoretically the fusions can still normally anchor onto the surface of oil bodies. During the processing stage the oil bodies associated with the fusions float to the upper surface, thus the desired protein alongside with the oil-body fraction is expediently removed. (4) Oil bodies excluding fusions can further be used to produce vegetable oil components. Recombinant proteins provide additional significant values of agricultural products.
A construct for the oleosin fusion expression generally contains a seed-specific gene promoter, an oleosin gene, a cleavage site and a desired gene.
Firstly, the selected oleosin gene under the control of the regulatory elements is required to be specifically expressed at high levels in seeds. For example, three maize oleosins (16, 18, 19 kDa) together represent about 5-6% of the total embryonic proteins; three soybean oleosins (18, 24, 34 kDa) account for about 3-4% of the total embryonic proteins; the major rapeseed oleosin (20 kDa) alone amounts to about 7-8% of the total embryonic proteins (Tzen et al. 1990) . One of the abovementioned oleosins can potentially be selected as the carriers for producing the desired protein. In addition to a seed-specific abundant oleosin gene promoter, the 5'-flanking sequences of a napin gene and a phaseolin gene have been used for oleosin fusion expression research (Lee et al. 1991; Nykiforuk et al. 2006) .
Secondly, the desired proteins should be precisely selected. If the desired protein is an enzyme, the oleosin fusion can be directly used as an active enzyme after Ting et al. (1997) expression and purification. However, once the oleosin fusion is less active, a cleavage and further purification are necessary. At the same time, a cleavage site (such as the cleavage site of thrombin, factor Xa, erepsin, intein, trypsin or CNBr) should be inserted between the oleosin gene and the desired gene (Nykiforuk et al. 2006) . In general, the desired protein gene should be cloned and well characterized. When the heterologous protein should be further cleaved, it is necessary to ensure the correct localization of the fusions to the oil bodies due to a smaller molecular weight. Exactly, these proteins include hirudin, insulin, interferon, thymosin, and calcitonin. Thirdly, the hosts are usually widely-grown crops of high oil content. In addition, the genetic transformation systems should have been well established. For example, in China the candidates include the species of A. thaliana and rapeseed (Brassicaceae), soybean (legume species), and other species such as cotton.
The oleosin fusions targeted to the artificial oil bodies in vitro
AOBs composed of TAGs and PLs can be stabilized by oleosins (Chen et al. 2004) . The size of the AOBs constituted with oleosin (0.5-2.0 µm in diameter) is similar to the native oil bodies. Like the oleosin fusions expressed in transgenic plant seeds, the oleosin fusions expressed in microorganisms can be targeted to AOBs directed by the plant oleosins, facilitating purification of the oleosin-foreign protein fusions. The construct includes an equal promoter and the fusion sequences encoding a seed-specific oleosin, a cleavage site and a foreign protein. The oleosin candidates regarded as a key issue should be preferentially considered. Firstly, different oleosin isoforms provide distinct stability to AOBs. For example, both of two rice oleosin isoforms of 16 kDa and 18 kDa can stabilize AOBs individually, while oleosin 16 kDa provides better stability to the organelles than oleosin 18 kDa (Tzen et al. 1998) . Sesame L-oleosin gives slightly more structural stability than H-oleosin (Tai et al. 2002) . For combination of expression with purification in this way, interaction between oleosins and AOBs should be well elucidated. The strategy for selection of the foreign candidate genes is also quite important. For example, in E. coli, nattokinase released from oleosin-intein-pronattokinase exhibits five times higher activity than that released from oleosin-inteinnattokinase, although the production yield is similar in both cases (Chiang et al. 2005) . The cleavage site and the hosts can be selected according to common principles.
Progress on the oleosin fusion expression in plant seeds and bacteria
To date, several heterologous proteins have been successfully expressed as an oleosin fusion in transgenic seeds (Table 1 ). In 1991, Lee et al. (1991) placed the maize oleosin gene under the control of either its own promoter or the promoter of rapeseed napin gene. Approximately 1% of the total protein in mature seed was represented by maize oleosin. Subcellular fractionation of the mature seed revealed that 90% or more of the maize oleosin, as well as the Brassica oleosin, was localized in the oil bodies. A monocotyledonous oleosin was found to possess sufficient targeting information for its proper intracellular transport in a dicotyledonous species (Lee et al. 1991) . It also can be concluded that the napin gene promoter of Brassica, or the regulatory elements of the equivalent seed storage protein from other plant species, can potentially be used to promote the expression of the oleosin fusions in the genetically engineered plant seeds. Later, Parmenter et al. (1995) used oleosin as a "carrier" for the production of hirudin. Directed by an Arabidopsis oleosin gene promoter, the oleosin-hirudin fusion protein that amounted to 1% of the total seed protein was proven to be correctly targeted to the oil body. After separation and purification, hirudin activity was not observed in seed oil extracts until the proteolytic release of hirudin from oleosin (Parmenter et al. 1995) . Further van Rooijen & Moloney (1995) reported that a fusion comprising a complete oleosin coding domain and a GUS gene was expressed specifically in Brassica napus seeds, and its product with approximately 80% of the activity was H. Ling correctly targeted to the oil bodies. The fusion protein was stable in dry seeds for a long period and has a half-life of 3-4 weeks after extraction (van Rooijen & Moloney 1995) . Recently, under the control of a phaseolin gene promoter the biologically active recombinant human insulin was shown to accumulate to significant levels in transgenic Arabidopsis seeds (0.13% of the total seed proteins) (Nykiforuk et al. 2006 ).
Consequently, not only the oleosin gene promoters but also other seed-specific gene promoters can be used to promote the expression of the desired proteins. At the same time, oleosins from different species (such as maize 18 kDa oleosin, soybean 24 kDa, rapeseed 20 kDa, and A. thaliana 18.5 kDa oleosin) can be used as carriers to be correctly targeted to the oil bodies in transgenic seeds. Although only several proteins have been produced as oleosin fusions in plant seeds, other pharmaceutical proteins can potentially be produced in this way.
Since Tzen et al. (1998) reported that two rice oleosin isoforms could individually stabilize the AOBs, oleosin fusion expression and AOBs purification system has been widely used (Table 1 ). In 2004, sesame cystatin fused to oleosin by a short hydrophilic linker peptide was first expressed in Escherichia coli as an insoluble oleosin-cystatin fusion protein (Peng et al. 2004b) . After centrifugation, the oleosin-cystatin fusion protein was targeted to the AOBs. After proteolytic cleavage with papain, centrifugation and removing of the insoluble denatured papain, cystatin in a high yield and with high purity was harvested simply by concentrating the ultimate supernatant, and comparable activity was observed (Peng et al. 2004b) . Similarly, in the transformed E. coli green fluorescent protein fused to oleosin by a linker sequence susceptible to factor Xa cleavage was expressed and harvested in a high yield and with high purity via AOBs (Peng et al. 2004a) . Nattokinase and pronattokinase linked to the C-terminus of oleosin by an intein fragment was first overexpressed in E. coli as an insoluble fusion protein.
After self-splicing of intein induced by temperature alteration, the soluble nattokinase was released from the oleosin fusions associated with AOBs, then harvested via AOBs, and it indicated fibrinolytic activity (Chiang et al. 2005) . By linkage of hydantoinase from A. radiobacter NRRL B11291 to intein-oleosin gene fusion, the tripartite fusion protein was overexpressed in E. coli and localized to AOBs. After peptide cleavage, hydantoinase free of fusion tags was then recovered in a high yield and with high purity (Chiang et al. 2006) . It reveals that combination of oleosin fusion expression with purification via AOBs greatly facilitates the upper process of the recombinant proteins. Presently only the prokaryotes have been used as the hosts in this system. In the future, the oleosin fusions will potentially be purified via AOBs after overexpressed in eukaryotes. Such improvements represent the potential to realize the post-translational processes of the recombinant proteins.
Perspectives
Several proteins such as hirudin and insulin have been successfully produced in the transgenic seeds by the oleosin fusion expression system. We are constructing a maize 18 kDa oleosin-interferon-thymosin fusion expression system, to produce interferon-thymosin regulated by an oleosin promoter in transgenic rapeseed. In the future, more and more pharmaceutical proteins will potentially be overexpressed at a large scale in this way. It is also applicable to increase crops yield and improve crops quality. Besides the production of foreign proteins in the transgenic seeds, the desired proteins can specifically be expressed in tapetum or pollen. This means that it will potentially be used in other fields, such as plant infertility and pollen nutrition. In any case, the oleosin fusion expression system is a promising approach to generate gene-modified crops for molecular farming.
Sesame cystatin, nattokinase, and hydantoinase, purified via AOBs after overexpression in E. coli, can be considered as good examples of oleosin fusion expression in vitro. However, the limitations of posttranslational processes in prokaryotes need to be overcome in the future. The combination of fusion expression in eukaryotic microorganisms with purification via AOBs is going to make much more progress.
Similar to the fusion expressed in plant seeds, the fusions expressed in yeast are likely to be localized to lipid bodies in vivo. In yeast, the lipid bodies of about 0.2-0.5 µm in diameter contain lipids accumulated as food reserves during the log phase and the late stage of growth (Clausen et al. 1974; Leber et al. 1994 ). These lipid bodies are functionally equivalent to the subcellular storage oil bodies in plant seeds. Oleosins of plant seed oil bodies can correctly be targeted to the lipid bodies in transformed yeast (Ting et al. 1997) . Although there have been no reports of the successful expression of oleosin fusions in yeast at present, at least it reveals another feasible way to produce recombinant proteins in eukaryotic microorganisms.
Some questions or limitations remain, however, to be solved in the future. The first one is how to produce the recombinant proteins at larger scale and minimize the cost for separation, processing and purification of the products? This is always regarded as a key limitation for its applications. Secondly, some proteins are inactive unless the precise post-translational process (such as acylation and glycosylation) completes. Further data should be afforded to elucidate how such processes are realized in transformed organisms. What kind of the desired proteins (size, biochemical properties and clinical features) is feasible to be produced by such a system? Which oleosin is most sufficiently targeted to the natural oil bodies or the AOBs? Taken together, there is still a long way to make such puzzles clear.
